Selection of good quality oocytes is important for improvement of assisted reproductive technology. Here, we studied the relationship of the mitochondrial distribution in metaphase II stage (MII) oocytes with fertility, since mitochondria in ooplasm are essential for energy production required for fertilization and embryo development. To observe mitochondria non-invasively, we used oocytes from a transgenic mouse, in which enhanced green fluorescent protein is targeted to the mitochondrial matrix and thus fluorescence is observed exclusively in the mitochondria. Control oocytes with mitochondria distributed around the nucleus showed normal embryo developmental competence, whereas oocytes with abnormal diffuse and fragmented mitochondria showed a significantly lower rate of embryo development after activation by intracytoplasmic sperm injection or strontium, which is a very effective agent for activation of mouse oocytes. Also, we showed that the reduced developmental competence of oocytes with diffuse and fragmented mitochondria caused by vitrification and thawing is similar to that of oocytes with abnormal mitochondrial foci obtained naturally. These findings suggest that abnormal mitochondrial distribution in oocytes at MII is a cause of developmental retardation and therefore normal mitochondrial distribution could be used as a criterion for selection of good oocytes.
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Infertility caused by mitochondrial dysfunction has been reported in humans, including defective cytoplasmic maturation of oocytes and fertilization failure (Reynier et al. 2001) , mtDNA deletions in oocytes (Hsieh et al. 2002; Chan et al. 2005) , and a relationship between mitochondrial membrane potential and embryonic developmental competence (Wilding et al. 2001 (Wilding et al. , 2002 (Wilding et al. , 2003 Van Blerkom et al. 2002) . Reproductive age in women (Keefe et al. 1995 ) is also of significance in this context, since loss of mitochondrial activity in oocytes obtained from older women may cause a lower rate of both pregnancy and embryonic development (Wilding et al. 2001) . Additionally, a relationship between embryo developmental competence and mitochondrial distribution in oocytes has been suggested, in which asymmetrical mitochondrial distribution at the pronuclear stage (PN) may result in a proportion of blastomeres with reduced mitochondrial inheritance and diminished adenosine triphosphate (ATP)-generating capacity (Van Blerkom et al. 2000) . In mice, it has been shown that mitochondria are generally translocated to the nuclear region during germinal vesicle (GV) breakdown and metaphase I stage (MI) spindle formation in oocytes. Small mitochondrial foci in the cortex and proximity to the GV are characteristics of oocytes that fail to mature (Van Blerkom and Runner 1984; Calarco 1995) .
Since mitochondria assume a vital role in the metabolism of energy-containing compounds in the ooplasm to provide ATP for fertilization and pre-implantation embryonic development, their role in ATP production is essential for oocyte survival. In the current study, we investigated whether mitochondrial distribution in oocytes at the metaphase II stage (MII) is associated with embryo developmental competence. Visualization of mitochondria was achieved using mitochondrial green fluorescent protein (GFP)-transgenic mice (mtGFP-tg mice), in which enhanced GFP is targeted to the mitochondrial matrix by fusion to the mitochondrial targeting signal of cytochrome c oxidase subunit VIII (Shitara et al. 2001 ). Thus, non-invasive observation of the mitochondrial distribution of oocytes is possible in mtGFP-tg mice. We show a correlation between differential mitochondrial distribution of MII oocytes and embryonic developmental competence. In addition, we investigated the relationship between embryonic developmental competence and mitochondrial network abnormalities in ooplasm altered by vitrification and thawing.
MATERIALS AND METHODS
Animals. Female mtGFP-tg mice (6-10 weeks of age) and male C57BL/6 mice (6-10 weeks of age) were fed appropriate standard diets and water ad libitum until use in experiments. Animals were maintained in accordance with the guidelines of the Laboratory Animal Services at the University of Yamanashi.
Culture media. The oocytes were cultured in 10-μ l drops of Cleavage Medium (CM medium; Quinn's Advantage, SAGE BioPharma, Bedminster, NJ, USA) supplemented with 10% Synthetic Serum Substitute (SSS; Irvine Scientific, Irvine CA, USA) under mineral oil (Oil for Tissue Culture; SAGE BioPharma), and were maintained under 5% CO 2 in air at 37°C. HEPES human tubal fluid (HTF; Irvine Scientific) supplemented with 10% SSS was used as the medium for treatment of eggs in the laboratory.
Preparation of oocytes. Female mice were each injected with 5 IU pregnant mare's serum gonadotropin (PMSG; Teikokuzouki, Tokyo) followed approximately 48 hrs later by 5 IU human chronic gonadotropin (hCG; Teikokuzouki). Oocyte-cumulus complexes were collected from the oviducts about 15-17 hrs after the hCG injection. The oocytes were treated with 0.1% (80 IU/ ml) hyaluronidase (Sigma-Aldrich., St. Louis, MO, USA) in HEPES HTF to remove the cumulus, and then rinsed three times and maintained in CM medium for up to 1 hr at 37°C under 5% CO 2 in air before use.
Preparation of spermatozoa. The distal portion of the cauda epididymis of a male mouse was cut with a pair of fine scissors, and the dense sperm mass was squeezed out into a 1.5 ml polypropylene tube. It was then covered with 1 ml of CM. After incubation for about 30 min at 37°C, the upper portion (0.2-0.5 ml) of the medium containing highly motile spermatozoa was collected and incubated until use in experiments.
Microscopy. An inverted microscope (IX-70: Olympus, Tokyo) equipped with both Hoffman modulation optics (Hoffman Modulation Contrast, Model EP: Olympus) and a fluorescence device was used in all experiments. GFP fluorescence was visualized under both a confocal laser scanning microscope (CLSM) (Fluoview FV300: Olympus) and a fluorescence microscope. A Kr/Ar laser was used to produce the excitation laser line at 488 nm, and emission wavelengths were separated by a 530 nm dichroic mirror, followed by analysis in a photomultiplier after further filtering through a 515-530 nm bandpass filter.
Construction of three-dimensional images. Images obtained by CLSM were deconvolved using Huygens software (Scientific Volume Imaging BV, Hilversum, The Netherlands). Stereoscopic image construction was performed using Imaris software (Bitplane AG, Zurich, Switzerland).
Parthenogenetic activation of oocytes. Parthenogenetic activation was performed following incubation in CZB medium (Chatot et al. 1989, Ca 2+ -free) supplemented with 10 mM strontium chloride (SrCl 2 ) for 1 hr. Activated oocytes were washed three times and transferred into 20-μ l drops of CM medium. We used SrCl 2 as the parthenogenetic activating agent, because SrCl 2 has been widely used in mouse nuclear transfer protocols (O'Neill et al. 1991; Wakayama et al. 1998; Kishikawa et al. 1999; Otaegui et al. 1999) .
Intracytoplasmic sperm injection (ICSI). ICSI was carried out as described previously (Kuretake et al. 1996) . Briefly, C57Bl/6 mouse sperm heads were obtained by applying a single piezo pulse to the neck region using a piezo-impact driving unit (model PMM-MB-U; Prime Tech, Ibaraki), and the sperm head was immediately injected into the oocytes.
Vitrification and thawing. Vitrification enables glasslike solidification of a solution without ice crystal formation. Cryopreservation was performed as follows. Oocytes were suspended in an equilibration solution of 7.5% ethylene glycol (EG) + dimethylsulfoxide (DMSO) at room temperature for 60 sec. Following equilibration, the oocytes were transferred to a vitrification solution of 15% EG + 15% DMSO and suspended at room temperature for 30 sec. The 2 or 3 oocytes were then loaded onto the surface of a Cryotop (Kitazato Supply, Shizuoka) and then immediately plunged into liquid nitrogen for 5 min. For warming, the Cryotop was directly inserted into a thawing solution of 1M sucrose in Dulbecco's phosphatebuffered saline (DPBS) and left to stand at 37°C for 60 sec. The warmed oocytes were transferred to a diluent solution of 0.5M sucrose in DPBS for 3 min, and then washed twice in basic DPBS at 20°C for 5 min (Kuwayama and Kato 2000; Vitrification Kit, Kitazato Supply) . After vitrification and thawing, the oocytes were cultured in CM medium for 30 min at 37°C under 5% CO 2 in air before use.
Statistical analysis. Fisher's exact test was used in the statistical analysis. A p value of < 0.05 was considered to be statistically significant.
RESULTS

Fertility of MII oocytes with a naturally produced but abnormal mitochondrial distribution
Using CLSM, MII oocytes with normal mitochondrial distribution patterns, in which the mitochondria accumulated in the perinuclear region ( Fig. 1A ; designated as group A oocytes), were distinguished from those with abnormal mitochondrial distribution patterns, in which the mitochondria were randomly distributed or clumped ( Fig. 1B; group B oocytes). The group B oocytes represented less than 5% of the total number of oocytes.
Six hrs after activation by SrCl 2 or ICSI, the oocytes were examined for viability and the presence of pronuclei and a second polar body. Oocytes with these characteristics were defined as normally activated, and these oocytes were cultured further for 24 hrs to evaluate the 2-cell stage.
Firstly, the percentages of activated oocytes and those that underwent cleavage and degeneration after parthenogenetic activation by SrCl 2 were determined, and these data are shown in Table 1 . These values were 82%, 73% and 5%, respectively, in group A (44 oocytes), and 17%, 0% and 21%, respectively, in group B (24 oocytes), showing that activation and cleavage of oocytes in group A were significantly higher than in group B ( p < 0.01). Secondly, we performed ICSI to observe fertilization and activation of oocytes, because we were unable to obtain a sufficient number of fertilized oocytes for IVF in the mice. The results of ICSI activation are shown in Table 2 . There was no difference in the survival rates of injected oocytes in group A (23 oocytes) and group B (17 oocytes): the survival rates were 65% and 71% in groups A and B, respectively. In surviving oocytes, the percentages of activated, cleaved and degenerated oocytes were 100%, 73% and 0%, respectively, in group A, and 33%, 33% and 25%, Fig. 2 . Mitochondrial distribution after vitrification and thawing of MII oocytes: three-dimensional images of MII oocytes are shown before vitrification (A, control) and after vitrification and thawing (B). Mitochondrial diffusion and fragmentation were apparent in the oocytes after vitrification and thawing. In the image before vitrification, the network structure of mitochondria is apparent, but in the image after vitrification and thawing a fragmented mitochondrial network is present.
respectively, in group B. The rate of activation in group A was significantly higher than that in group B ( p < 0.01), and the rate of cleavage in group A showed a tendency to be higher than that in group B.
Developmental competence of MII oocytes with an abnormal mitochondrial distribution caused by vitrification and thawing
Cryopreservation of MII oocytes was performed using vitrification for efficient production of oocytes with an abnormal mitochondrial distribution, and the effect of vitrification on mitochondrial distribution in the oocytes and the relationship with embryo developmental competence were investigated. After vitrification and thawing, oocytes of about 100 μ m in size were scanned by CLSM with a scan range of 0.2 μ m, giving a total of approximately 500 slices. After noise reduction, three-dimensional construction of the images was performed to determine the mitochondrial distribution before vitrification and after vitrification and thawing.
Three-dimensional images of MII oocytes before vitrification and after vitrification and thawing are shown in Fig. 2A and 2B , respectively. After vitrification and thawing, diffuse and fragmented mitochondria were apparent in the treated oocytes. Single scans through the centers of oocytes are shown in Fig. 3 ; in the image before vitrification the network structure of mitochondria was apparent, but in the image taken after vitrification and thawing a fragmented mitochondrial network was apparent.
Data for the activation and cleavage of vitrified and thawed MII oocytes after parthenogenetic activation by SrCl 2 are shown in Table 3 . In control oocytes, the rates of activation and cleavage were 82% and 73%, respectively, but in oocytes subjected to vitrification and thawing the rates of activation and cleavage were 64% and 43%, respectively. Hence, the cleavage rate of oocytes after vitrification and thawing was significantly lower than that for the control group ( p < 0.01). Furthermore, although approximately half of the control oocytes developed to the 8-cell stage or blastocyst stage, all embryos arrested at the 4-cell stage after vitrification and thawing.
DISCUSSION
In oocytes with a normal pattern of mitochondrial distribution, in which mitochondria accumulate around the perinuclear region, the rates of activation and development to an 8-cell stage embryo following exposure to SrCl 2 were 82% and 46%, respectively. However, in oocytes with an abnormal mitochondrial distribution, in which mitochondria are randomly distributed and clumped, the rate of activation was 17% and cleavage of embryos did not occur. Hence, the rate of activation of oocytes with a normal mitochondrial distribution was significantly higher than that for oocytes with an abnormal mitochondrial distribution. The rates of activation and cleavage for oocytes with an abnormal mitochondrial distribution following ICSI were both 33%. Therefore, the results with ICSI were similar to those with SrCl 2 , in that the rate of activation for oocytes with an abnormal mitochondrial distribution was lower than that for oocytes with a normal mitochondrial distribution. We found it difficult to obtain MII oocytes naturally with an abnormal mitochondrial distribution (< 5%), and therefore the mitochondrial distribution was artificially altered using vitrification. This allowed assessment of the correlation between mitochondrial distribution and embryo developmental competence. Previous studies of vitrification in mouse oocytes have shown that incubation for 2 or 3 hrs resulted in a higher incidence of normal spindles than incubation for 1 hr, and that fertilization and blastocyst formation of vitrified mouse oocytes inseminated after 1 hr of incubation were significantly lower than for control specimens, but increased with insemination after incubation for 2 or 3 hrs (Aigner et al. 1992; Chen et al. 2001 Chen et al. , 2003 . Therefore, activation of oocytes was observed after incubation for 30 min following vitrification and thawing. Subsequent observation of the mitochondrial distribution in MII oocytes by CLSM gave three-dimensional images that confirmed mitochondrial fragmentation and dispersal.
The rate of activation of oocytes with diffuse and fragmented mitochondria after vitrification and thawing was 64%, and the rate of development to 4-cell stage embryos was 7%. All embryos arrested at the 4-cell stage after vitrification and thawing, showing that the embryonic developmental competence in this group was significantly inferior to the control group. In mice, previous studies of the correlation of mitochondrial distribution in oocytes with oocyte maturation have shown that GV oocytes with an abnormal mitochondrial distribution fail to progress to MI (Van Blerkom and Runner 1984) , and that oocytes with small mitochondrial foci in the cortex have arrested maturation (Calarco 1995) . Furthermore, mitochondria in a so-called blocking out strain have been shown to be dispersed in the cytoplasm, whereas in a non-blocking strain significant accumulation of mitochondria around the nuclei was observed (Tokura et al. 1993; Bavister and Squirrell 2000) . In humans, an asymmetrical mitochondrial distribution at the PN stage may result in some proportion of blastomeres with reduced mitochondrial inheritance and diminished ATP-generating capacity, and embryos with half of their blastomeres showing low fluorescence intensity fail to develop during culture (Van Blerkom et al. 2000) .
Our results suggest that an abnormal mitochondrial distribution in MII oocytes is one of the causes of developmental retardation and arrest. During maturation of oocytes, the maturation, distribution and ATP production of mitochondria are important processes for activation, fertilization and embryonic development, and are required for favorable embryogenesis, in which the energy demand is high around nuclei. Hence, mitochondrial aggregation around nuclei may be reasonable evidence for the presence of these processes, and uneven aggregation, diffusion and fragmentation of mitochondria is likely to disrupt the network of mitochondria in the oocyte and lead to inactivation, since the mitochondria cannot supply sufficient energy to nuclei and other organelles. For this reason, an abnormal pattern of mitochondrial distribution may result in reduction of embryo developmental competence.
In conclusion, the present study shows that mitochondrial distribution in MII oocytes is very important for prediction of embryonic developmental competence during incubation. Selection of good quality MII oocytes with a normal mitochondrial distribution may prevent IVF or ICSI of poor quality oocytes, thereby facilitating improvements in ART.
